Renewable and Sustainable Energy Reviews 24 (2013) 209-222 


Contents lists available at SciVerse ScienceDirect 


Renewable and Sustainable Energy Reviews 


ees 


ELSEVIE journal homepage: www.elsevier.com/locate/rser 


Effect of ethanol-gasoline blend on NOx emission in SI engine 


B.M. Masum *, H.H. Masjuki, M.A. Kalam, I.M. Rizwanul Fattah, 
S.M. Palash, M.J. Abedin 


Centre for Energy Sciences, Faculty of Engineering, University of Malaya, 50603 Kuala Lumpur, Malaysia 


ARTICLE INFO ABSTRACT 
Article history: The stricter worldwide emission legislation and growing demands for lower fuel consumption and 
Received 25 July 2012 anthropogenic CO, emission require significant efforts to improve combustion efficiency while satisfying 


Received in revised form 
10 March 2013 
Accepted 15 March 2013 


the emission quality demands. Ethanol fuel combined with gasoline provides a particularly promising 
and, at the same time, a challenging approach. Ethanol is widely used as an alternative fuel or an effective 


Available online 16 April 2013 additive of gasoline due to the advantage of its high octane number and its self-sustaining concept, 
—_ which can be supplied regardless of the fossil fuel. As a result, vast study has been carried out to study its 
Keywords: effects on engine performance and emission. 

Ethanol 


The first part of this article discusses prospect of fuel ethanol as a gasoline substitute. Then it 
sl engine discusses comparative physicochemical properties of ethanol and gasoline. The slight differences in 
Renewable energy properties between ethanol and gasoline fuels are enough to create considerable change to combustion 
Emission system as well as behaviors of SI engines. These effects lead to several complex and interacting 
mechanisms, which make it difficult to identify the fundamentals of how ethanol affects NOx emission. 
After that, general NOx forming mechanisms are discussed to create a fundamental basis for further 
discussion. Finally, the article discusses different fuel composition, engine parameter and engine 
modification effects on NOx formation as well as mathematical approach for NOx prediction using 


Nitrogen oxide 


ethanol. 
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5.3.2. 


1. Introduction 


The consumption of energy has ever-increasing trend mainly due 
to two reasons: (1) changes in lifestyles and (2) the significant 
growth of the population. Petroleum-based fossil fuels presently 
provide the major portion of the energy supply; however, their 
sources are limited on this Earth. In the twentieth century, the 
research emphasis was on the development of fossil crude oil, coal, 
and natural gas based refinery to exploit the cheaply available fossil 
feedstock to meet the growing demand of the population [1]. In the 
21st century, the adverse effect of greenhouse gas emissions on the 
environment, together with declining petroleum reserves and future 
energy security, is pronounced well. The combustion of fossil fuels is 
a big contributor to carbon dioxide (CO2) emission, which is a direct 
contributor to global warming. Every year about 25 billion ton of 
CO- are generated worldwide by anthropogenic activities [2]. There- 
fore, the present research is focused on alternative energy sources 
for sustainable development of the economy and society [1]. Fossil 
fuels still represent 80% of total energy supply whereas biofuel 
contribute only 1% [3]. 

The main alternative fuels utilized so far are oxygenates 
(alcohol, ether etc.), vegetable oils and their esters, gaseous fuel 
(hydrogen, liquefied petroleum gas etc.), gas to liquids (GTL) and 
coal derivatives. Ethanol has attracted attention worldwide 
because of its potential use as an alternative automotive fuel [4]. 
Use of ethanol as a fuel is not a new concept. In 1826, Samuel 
Morey developed an engine that ran on ethanol [5]. The use of 
ethanol blended with diesel was a subject of research in the 1980s. 
At that time, it was shown that ethanol blends were technically 
acceptable as a fuel for existing engines. However, the relatively 
high production cost of ethanol at that time hindered its regular 
use and made it a backup fuel in cases of fuel shortages. However, 
the economics have become much more favorable for the produc- 
tion of ethanol and it is now able to compete with standard 
petroleum-based fuel [6]. 

Ethanol is a green fuel because the growing sugarcane crops 
function as a CO, sink, thereby contributing to the reduction of 
greenhouse gases (GHG) [7]. Recently, ethanol has been used exten- 
sively as a fuel additive or an alternative fuel in spark ignition (SI) 
engines as well as in diesel engines as it is a high octane, clean- 
burning fuel [8,9]. Burning of ethanol in SI engines also reduces 
emissions of carbon monoxide (CO), hydrocarbon (HC), and so on, but 
there are some inconsistencies in NOx emissions as shown by many 
researchers. The Environmental Protection Agency (EPA) listed NOx as 
one of the critical pollutants that can affect the respiratory system. As 
the use of ethanol has increased enormously, NOx emission could 
become a significant barrier to its market expansion. 

The objective of this report is to provide a thorough literature 
review on the current state of ethanol combustion in SI engines and 
to guide the continuing study of NOx emissions reduction techniques 
using ethanol. Previously many researchers worked with ethanol 
production [3,4,10-12] and its use in a gasoline engine [13-15]. Many 
review articles are also available on the effect NOx emission for 
different biofuels [16-20]. This article exclusively focuses on the issue 


of NOx emissions related to use of ethanol in gasoline engine. There 
are many published studies on ethanol use as an alternative fuel in SI 
engines, as will be summarized next, to explain the potential change 
in NOx emissions with ethanol fuels. However, there are considerable 
inconsistencies in the explanations, which make fundamental under- 
standing incomplete. 


2. Ethanol fuel as a gasoline substitute 


Ethanol (C2Hs50H) is an ecological fuel, as it is obtained from 
renewable energy sources. It is a colorless, transparent, neutral, 
volatile, flammable, oxygenated liquid hydrocarbon, which has a 
pungent odor and a sharp burning taste [4]. At present, however, 
blends of bioethanol and gasoline are more common in vehicles 
with fuel injection engines. Bioethanol and ethanol is practically 
the same product. They have the same molecular and structural 
formula, and are the same substance. In other words, bioethanol is 
just plain ethanol, which is produced from sugar derived from 
plants. Usually, it is produced from various feed stocks such as 
sugar cane, sugar beet, sorghum, grain, switch grass, barley, hemp, 
kenaf, potatoes, sweet potatoes, cassava, sunflower, fruit, molasses, 
corn, stover, grain, wheat, straw, cotton, and other biomass, as well 
as many types of cellulose wastes and harvests. 

Generally, ethanol or bioethanol is more reactive than hydro- 
carbon fuels, such as gasoline [21]. It contains hydroxyl radicals as 
the polar fraction and carbon chains as the non-polar fraction; 
hence it can be easily dissolved in both non-polar (e.g. gasoline) 
and polar (e.g. water) substances [21]. Because of the regenerative 
and biodegradable characteristics of ethanol, it is widely used 
as an alternative fuel at present. The use of gasoline containing 
3-10 vol% bioethanol is being promoted in many parts of the 
world for last few years [22]. The use of pure ethanol requires 
some modifications to SI engines; thus low concentration blends 
of ethanol are usually used without any modification of the SI 
engine [23]. Tables 1 and 2 show the advantages and disadvan- 
tages of using ethanol over gasoline. 

Worldwide ethanol production in terms of feedstock can be 
categorized into three major groups [23]: 


1. Ethanol from sucrose-containing biomass such as sugar cane, 
sugar beet, sweet sorghum and fruits. 

2. Ethanol from starchy biomass such as corn, milo, wheat, rice, 
potato, cassava, sweet potatoes, and barley. 

3. Ethanol from lignocellulosic biomass such as wood, straw, and 
grasses. 


Ethanol produced from above-mentioned feedstocks is classi- 
fied into two groups [23,24]: 


1. First generation bioethanol that consists of both ethanol from 
sucrose-containing biomass and ethanol from starchy biomass. 

2. Second generation bioethanol or ethanol from lignocellulosic 
biomass. 
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Table 1 
Advantages of ethanol fuel over gasoline. 


Ethanol is a renewable fuel 
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[32] 


Ethanol could reduce petroleum imports, improve the balance of payments, improve national energy security, and reduce the reliance on petroleum [32] 


from unstable areas of the world. 


Bioethanol if cheaply produced can reduce demands for fossil fuels and the growth in fossil fuel prices. 
Bioethanol could create stronger demands for feedstocks, thus boosting agricultural prices and producers’ incomes. 


Ethanol has high octane number 
Higher latent heat of ethanol increases volumetric efficiency. 


Ethanol provides more oxygen in the combustion process, which assists in complete burning. 


Lower vapor pressure of ethanol reduces the evaporative emissions. 


Ethanol has high laminar flame propagation speed, which makes combustion process to be finished earlier and broadens its flammability limit. 


Ethanol increases thermal efficiency. 

Ethanol increases engine torque output. 

Ethanol allows the use of high compression ratio without knocking. 
As oxygenated produce cleaner emission 

Ethanol is used in direct injection gasoline engine to avoid knocking. 
Ethanol burn reduces greenhouse gas emission significantly. 

Ethanol is easily miscible in gasoline. 

Ethanol is used widely as an oxygenated portion in gasoline. 
Ethanol is less toxic than gasoline. 


Table 2 
Disadvantages of ethanol fuel over gasoline. 


Energy content of ethanol is lower. 


Lower vapor pressure of ethanol can contribute to produce unregulated pollutants like aldehydes. 
Ethanol use can enhance corrosion on ferrous components such as fuel tank. 
Ethanol is a triatomic molecule that results in higher gas heat capacity and lower combustion gas temperature. 


Low vapor pressure of ethanol makes starting cold engine difficult. 


Bioethanol production is achieved through fermentation of 
glucose in sugars and starchy biomass. There are two main ways 
to produce ethanol: one is alcoholic formation and another is the 
reaction of ethane with steam, as shown in Eqs. (1)-(3) [25,26]. 

Alcoholic fermentation [21]: 


C12H22011 + H20 + XC, H 1206 + (2—x)CgH1206 a) 
(Glucose) (Glucose) (Fructose) 
Cs H1206 > 2C2H50H + 2CO2 (2) 
(Fructose) (Ethanol) 


Reaction of ethane with steam: 


C2H4 + H20 > CH50H (3) 


(Ethane) (Steam) (Ethanol) 


World ethanol production as a fuel increased steadily through- 
out last decade (Fig. 1). In 2012, the total production of ethanol fuel 
reached 85.985 billion L. The United States is the largest ethanol 
producer in the world with 88.4% of the total production level. 
Fuel ethanol production has increased remarkably, because many 
countries are now looking for reducing oil imports, boosting rural 
economies and improving air quality. Ethanol-gasoline blends are 
used in many parts of the world such European Union, Brazil, 
Thailand and Canada [27,28]. The Brazilian government has made 
the use of ethanol obligatory since 1976. They follow two 
approaches with regard to ethanol use: one is the mandatory 
use of ethanol-gasoline blends and the other one is expansion of 
the market of flex-fuel cars. Approximately, 90% of new cars which 
are sold in Brazil have flex-fuel engine and gasoline sold contains 
20-25% anhydrous ethanol [29]. Many countries have already 
implemented or implementing programs for addition of ethanol 
to gasoline (Table 3). Most of the vehicles run on up to 10% ethanol 
blends. Additionally, manufacturers design vehicles to run with 
higher ethanol blends [30]. 


World ethanol fuel production (Billion Liters) 


Table 3 


Forms of ethanol use in different countries [61]. 


Country 


Brazil 
USA 
Canada 
Colombia 
Spain 
France 


Sweden 
China 
India 
Thailand 


[32,33] 

[32] 

[34-37] 
[38,39] 
[8,40] 

[41] 
[39,42-45] 
[36,41,46,47] 
[48] 
[34-36,49] 
[33,34,37,39,50,51] 
[52] 
[4,41,53,54] 
[55] 

[56] 

[49] 


[34,50,57,58] 
[59] 

[60] 

[35] 

[32,57] 
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Fig. 1. World ethanol fuel production [31]. 


Feedstock 


Sugar can 

Corn 

Corn, wheat, barley 
Sugar cane 

Wheat, barley 
Sugar beet, wheat, 
corn 

Wheat 

Corn, wheat 

Sugar cane 


Cassava, sugar cane, 


rice 


Percentage of ethanol in gasoline blends, (%) 


(viv) 


212 


3. 


B.M. Masum et al. / Renewable and Sustainable Energy Reviews 24 (2013) 209-222 


Comparison of physicochemical properties 


The physical and chemical properties indicate the quality of 


fuel to be combusted in an engine. Engine combustion quality, 
performance and emission characteristics are dependent on them. 
Some of the properties related to combustion of gasoline as well as 
ethanol are compared in Table 4. The comparative features of 
ethanol and gasoline are presented below: 


. Heating value of ethanol is approximately 1/3 times lower than 


that of gasoline. Thus, to achieve same engine power output 
more amount fuel is required for ethanol. 


. An oxygen content of 34.7 wt% in ethanol promotes combus- 


tion efficiency as well as high combustion temperature. 


. Heat of vaporization of ethanol is higher than gasoline. Thus, 


charge requires more heat to evaporate which is taken up from 
in-cylinder environment. This in turn increases the volumetric 
efficiency of the engine. 


. Ethanol has slightly lower density than gasoline, thus 


volumetric-operating fuel pumps inject lower mass of alcohol 
than gasoline fuel. 


. Ethanol has no mono-aromatic or poly-aromatic hydrocarbons. 
. Lower C/H atom ratio of ethanol reduces the adiabatic flame 


temperature. 


Table 4 
Comparison of gasoline and ethanol fuel properties [8,49,50,56,62-66]. 


7. Ethanol has higher octane number (ON) than gasoline. The 
higher the octane number, the more compression the fuel can 
withstand before detonating. Premature fuel ignition can 
damage engine, which is a common phenomenon for lower 
ON fuel. 

8. Ethanol has a higher laminar flame propagation speed than 
gasoline, which makes combustion process finish earlier and 
thus improving the engine thermal efficiency. 

9. Using ethanol with gasoline can reduce costs of petroleum 
refineries as they can produce low-grade gasoline with lower ON. 


4. Formation of NOx 


NOx is a mixture of such compounds: nitric oxide (NO), 
nitrogen dioxide (NO2), nitrous oxide (N20), dinitrogen trioxide 
(N203), dinitrogen tetroxide (N204), and dinitrogen pentoxide 
(N20s) [67]. Among them, nitric oxide (NO) and nitrogen dioxide 
(NO2) are most prominent [68]. The other five nitrogen oxides are 
known to exist, but in very small quantities. Nitric oxide is a 
colorless, odorless gas. Its ambient concentration is usually far less 
than 0.5 ppm. Nitrogen dioxide is a corrosive, toxic, and reddish- 
brown gas. It is quite visible in sufficient amounts [69,70]. 
Oxidation of nitrogen molecules at high temperature inside the 


Property Unit 
Chemical formula - 
Molecular weight kg kmol"! 
C-fraction mass % 
O-fraction mass % 
H-fraction mass % 
H/C atom ratio 
O/C atom ratio 
Specific gravity - 

Density (at 15 °C) kg m? 
Stoichiometric air-fuel ratio w/w 
Kinematic viscosity mm?/s 
Reid vapor pressure at 37.8 °C kPa 


Research octane number - 
Motor octane number - 
Cetane number - 
Enthalpy of formation 


(a)Liquid kJmol"! 

(b)Gas kJmol"! 
Higher Heating Value MJ kg! 
Lower Heating Value MJ kg! 
LHV at stoichiometric mixture MJ kg! 
Latent of vaporization kJ kg“? 
Specific heat 

(a)Liquid kJ/kgK 

(b)Vapor kJ/kgK 
Freezing Point C 
Boiling Point C 
Flash point C 
Auto ignition temperature Cc 
Vapor Flammability Limits vol% 
Laminar flame speed at 100 kPa, 325 K cm/s 
Distillation 

(a)Initial boiling point % 

(b)10 % 

(c)50 % 

(d)90 % 

(e)End boiling point % 
Water solubility % 
Aromatics volume % 


Vapor toxicity - 
Smoke character - 
Conductivity - 
Color - 


Gasoline Ethanol 
C5-Ci2 C2H50H 
114.15 46.07 
87.4 52.2 

0 34.7 
12.6 13.0 
1.795 3 

0 0.5 
0.7-0.78 0.794 
750-765 785-809.9 
14.2-15.1 8.97 
0.5-0.6 1.2-1.5 
53-60 17 
91-100 108.61-110 
82-92 92 

8 5-20 
-259.28 -224.1 
-277 -234.6 
47.3 29.7 
44.0 26.9 
2.77 2.70 
380-400 900-920 
2.4 1.7 

29 1.93 

—40 -114 
27-225 78 

—45 to -13 12-20 
257 425 
0.6-8 3.5-15 
~33 ~39 

45 78 

54 78 

96 78 

168 79 

207 79 

0 100 

27.6 0 
Moderate irritant Toxic in large doses 
Black Slight to none 
None Yes 
Colorless to light amber glass Colorless 
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cylinder is the cause of NOx formation as a byproduct [71]. The 
pathways of formation of oxides of nitrogen such as Thermal, 
Prompt, Fuel NOx and NO intermediate mechanisms are 
discussed here. 


4.1. Thermal NOx 


During combustion, at temperatures above 1800K, atmo- 
spheric nitrogen reacts with oxygen through a series of chemical 
steps known as the Zeldovich mechanism [72]. This mechanism of 
thermal NOx formation is believed to be the predominant con- 
tributor of total NOx [73]. The Eqs. (4)-(6) are the basic kinetic 
equations for thermal NOx formation. 


O+N2¢NO+N (4) 
N+02¢NO+0 (5) 
N+OHsNO+H (6) 


The first step determines the NOx formation as it requires high 
temperatures to proceed due to its high activation energy (314 KJ/ 
mole). NO production by thermal mechanism proceeds at a slower 
rate than the oxidation of hydrocarbons. The NO formation rate 
can be written using Eq. (7) [74]. 

AN =k eNO" (7) 

Here k and K is reaction constants, t is time and T is absolute 
temperature [75]. Eq. (7) represents a strong dependence of NO 
formation rate on temperature. High temperatures, high oxygen 
concentrations, and longer residence time results in high NO 
formation rate. 


4.2. Prompt NOx 


The presence of a second mechanism leading to NOx formation 
was first identified by Fenimore [76] and was termed “prompt 
NOx”. During combustion of hydrocarbon fuels, some NOx is 
quickly formed before formation of thermal NOx, in the laminar 
premixed flame zone, which is known as prompt NOx [77]. There 
is a good evidence that prompt NOx can be formed in a significant 
quantity in some combustion environments; such as in low- 
temperature, fuel rich conditions and where residence time is 
short. Prompt NOx is most prevalent in rich flames. The actual 
formation involves a complex series of reactions and many 
possible intermediate species. Generally, in low temperature 
(below 750 °C) and fuel rich condition, nitrogen molecules react 
with hydrocarbon radicals to form amines or cyano compound. 
After that, these nitrogen-containing fragments react with atmo- 
spheric nitrogen to form NO. The prompt NOx is generally formed 
through the following reactions (8)-(12). 


CH+N2¢HCN+N (8) 
CH2+N2<¢HCN+NH (9) 
N+02N0+0 (10) 
HCN+OHeCN+ H20 (11) 
CN+02+NO+CO (12) 


Here, CH and CH, are the significant contributors to form 
prompt NOx (Eqs. (8) and (9)). Prompt NOx is more sensitive to 
fuel chemistry than thermal NOx because of the dependence on 
hydrocarbon fragments. The amount of HCN increases with 
increasing the concentration of hydrocarbon radicals, which 
enhances with increasing equivalence ratio. Prompt NOx forma- 
tion increases with an increasing equivalence ratio and then 


reaches a peak and decreases because of a shortage of oxygen. 
Compared to thermal NOx formation, the contribution of prompt 
NOx is less in entire combustion system. However, in combustion 
modeling studies, without considering prompt NOx mechanism, 
total NOx is underestimated [78]. 


4.3. Intermediate N20 


The NOx formation by this pathway is another essential 
mechanism in a combustion process under high pressure and lean 
air-fuel ratio or low temperature condition compared to Fenimore 
NO, and a minor contribution to the formation of NOx related to 
the thermal NO mechanism [79]. Three steps of this NOx forma- 
tion mechanism are shown in Eqs. (13)-(15). 


O+N2+MeN20+M (13) 
H+N2,0—NO+NH (14) 
O0+N20¢NO+NO (15) 


Here, M is a general third body that is required to complete this 
reaction [73]. Reaction rates strongly depend on O, OH and H 
radial concentrations, which makes the mechanism favored for 
oxygen-rich conditions or lean condition [80]. 


4.4. Fuel NOx 


When nitrogen-containing fuel compound are oxidized to NOx 
during combustion process, fuel NOx is formed [81]. Fuel NOx 
increase with the amount of nitrogen content of the fuel. More- 
over, it is co-related with oxidation of the hydrocarbon and its 
chemical kinetics. However, the nitrogen level in the gasoline or 
ethanol fuel is extremely low; hence, fuel NOx formation is 
negligible. 


5. Effect of ethanol-gasoline blend on NOx emission 


Many studies have been done on SI engines as well as flex-fuel 
vehicles using either pure ethanol or ethanol-gasoline blends as a 
fuel. Section 3 shows some dissimilarity in properties between 
ethanol and gasoline. These properties may affect in fuel con- 
sumption, combustion speed, combustion temperature, mass burn 
fraction etc. as well as NOx emission. Many literatures [56,82-87] 
have shown increase in NOx emission for ethanol. Opposite trend 
was also observed by many researchers [29,88-90] as well. Few 
literatures [91,92] also found irregularity in NOx emission with 
ethanol. In this section, NOx emission causes will be discussed for 
ethanol-gasoline blends, emphasizing on different fuel blends, 
different engine parameters and engine modifications as well as 
different vehicle conditions. 


5.1. Effect of fuel composition 


5.1.1. Effect of blend concentration 

Researchers have tested ethanol-gasoline blends from 5 vol% 
ethanol to as high as 100 vol% i.e. pure ethanol in SI engines. The 
physicochemical properties of different ethanol-gasoline blends 
are summarized in Table 5. These results presented have been 
obtained by different test methods as done by the researchers. 
From Table 5 it can be seen that the addition of ethanol to gasoline 
simultaneously increases the octane number, density, and latent 
heat of vaporization and decreases the heating value of the 
ethanol-gasoline blend. Many investigations have been carried 
out to identify the effect of these changes on emission character- 
istics especially on NOx emission due to variation in ethanol 
contents. 
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Table 5 
Properties of different ethanol-gasoline blended fuels [36,40,50,56,62,82,93-96]. 


Property EO E5 E10 E15 
Density (kg/m?) 7575 759.1 760.8 776 
RVP (kPa) 53.7 59.3 59.6 58.8 
RON 95.4 96.7 98.1 98.5 
Sulfur (wt%) 0.0061 0.0059 0.0055 0.0063 
Distillation temperature (°C) 
(a) Initial boiling point 35.5-38.8 36.5 37.8 37.9 
(b) 10 vol% 54.5-56.1 49.7 50.8-52.9 51.7 
(c) 50 vol% 94.4-109.6 88 71.1-95.8 72.6 
(d) 90 vol% 167.3-206.3 167.7 157-166.4 165.3 
(e) End point 197.0 202.5 197.5-208.4 198.1 
Heating value (MJ/kg) 42.58-42.7 40.55-41.78 39.79-41 41.61 


RVP =Reid vapor pressure, RON=Research Octane Number. 


Many literatures have showed that, NOx emission decreases 
with the increase in content of ethanol. Turner et al. [66] 
investigated NOx emission in a direct injection spark ignition 
(DISI) engine on a 1500 rpm and 3.4 bar indicated mean effective 
pressure (IMEP) with ethanol-gasoline blends. When the ethanol 
portion increased up to 85% in the blend, NOx emission was 
reduced. They attributed this reduction to reduction in flame 
temperature, which was corroborated by a reduction in exhaust 
temperature. The NOx level then increased slightly for pure 
ethanol because combustion was advanced, leading to a higher 
in-cylinder pressure and temperature compared to those of 85% 
ethanol. Here the maximum in-cylinder pressure was reduced 
with an ethanol blend of up to 85% and then increased for pure 
ethanol. Bielaczyc et al. [62] also found decreased NOx for 10-85% 
ethanol blends. They evaluated the possibility of using gasoline- 
ethanol blends in a modern Euro 4 vehicle without substantial 
engine modification. NOx emission from the engine was found to 
give a perfect linear fit with the ethanol content of the blend over 
the range 10-85%. Oh et al. [65] studied a DISI engine with 25%, 
50% and 85% ethanol-gasoline blends. They found that HC emis- 
sions increased and NOx emissions decreased with increase of 
ethanol percentage in blend due to the decreased peak in-cylinder 
temperature resulting from the combustion retardation. 

Ioannis et al. [97] investigated NOx emission with different 
blends at 2000 rpm in wide open throttle (WOT) condition. From 
Fig. 2, it is seen that, NOx emission decreased with increasing 
ethanol concentration. Because of the higher heat of vaporization 
of ethanol compared to gasoline, the combustion temperature of 
the blend decreases. In case of HC emission, up to certain conc. of 
ethanol, HC emission is reduced as the oxygen content of ethanol 
causes the reaction to move towards complete combustion. How- 
ever, a greater concentration of ethanol in the gasoline reduces the 
flame temperature, which increases HC emission. It is seen that 
E40 is a good option for reduced HC emission and E80 is suitable 
for lower NOx emission. 

In a four-cylinder, multi-port injection system engine, Canakci 
et al. [50] found that NOx emission decreased as the ethanol 
percentage of the blend increased. With the use of alcohol in 
gasoline, the combustion temperature decreased due to the high 
latent heat and lower heating value, which led to the reduction of 
NOx emission. When comparing the exhaust emission of gasoline 
with pure ethanol, Balki et al. [98] found lower NOx emission for 
ethanol than gasoline. They attributed this reduction to the higher 
heat of vaporization of ethanol, which reduces the combustion 
temperature. However oxygenated fuel ethanol enhances combus- 
tion efficiency, which results in lower COz emission and higher HC 
and CO emission for ethanol than gasoline. Using a lower percen- 
tage of ethanol, Yao et al. [99] found similar results. They ascribed 
this to lower flame temperature because of the higher latent heat 
of evaporation of ethanol. 
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Fig. 2. Correlation of NOx and HC emission with ethanol percentage at 2000 rpm 
[97]. 


Considering a DISI engine, Storey et al. [100] analyzed the effect 
of ethanol addition and concluded that NOx emission decreased 
with increased ethanol concentration because of the lower energy 
density of the ethanol blend. Lin et al. [101] experimented on a 
small engine generator to observe the effect of ethanol-gasoline 
blend on exhaust emission and efficiency. Ethanol-gasoline blend 
led to a significant reduction in NOx emissions by approximately 
35%, 86% and 77% on average with E3, E6, and E9 fuels respectively. 
The best results were obtained with E6 fuel in term of exhaust 
emissions and E9 fuel for engine performance. 

Wu et al. [63] explained that NOx emission decreased with 
increases in the H/C atom ratio of fuel. From Table 4, it is seen that 
H/C atom ratio is higher for ethanol than for gasoline. In his 
experimental results, NOx emission was lower for ethanol than for 
gasoline. Broustail et al. [102] found a slight reduction in NOx 
using ethanol with gasoline than compared to pure gasoline. 

Using a motorcycle engine Chen et al. [103] investigated the 
effect on emission of ethanol-gasoline blends (E3, E5, E10, E15, 
E20, E25 and E30). With an increase in the ethanol concentration, 
the particle diameter of the accumulation mode becomes smaller. 
The aerosol number concentration decreases with increases in 
ethanol concentration which causes combustion to become com- 
plete. For this reason, CO and NOx emissions decreased with 
increases in ethanol concentration. The emission reduction rate 
was high in low ethanol concentration blend ( < E15) compared to 
high ethanol concentration blend (> E20). Using E3 fuel, Yang 
et al. [104] also found a 5.22% increase in NOx compared to 
gasoline. 

In contrast, some researchers have found increased NOx emis- 
sion. Using a single cylinder SI engine, Schifter et al. [105] 
investigated the effect of using gasoline-ethanol mid-level blends 
(0-20% ethanol) on engine performance and exhausts emissions. It 
is seen that NOx emission increased with the addition of ethanol 
to gasoline compared to gasoline. With the addition of ethanol, 
NOx emission is higher for a higher heat release of ethanol 
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compared to gasoline. However, HC emission increased for shorter 
burn durations with ethanol addition in blend compared to pure 
gasoline. The performance and the pollutant emissions of a four- 
stroke SI engine operating on ethanol-gasoline blends of 0%, 5%, 
10%, 15% and 20% were investigated by Najafi et al. [82]. They also 
found a higher NOx concentration when the ethanol percentage 
increased, as shown in Fig. 3. Another significant reason for this 
increase is that the oxygen content in the ethanol blended fuels 
increased the oxygen-to-fuel ratio in the fuel-rich regions. The 
most significant parameter affecting NOx concentration is the 
relative air-fuel ratio. The actual air-fuel ratio approaches to 
stoichiometric as the ethanol content of the blended fuel 
increases, and consequently combustion becomes complete. This 
complete combustion increases the in-cylinder temperature as 
well as NOx emission while the HC emission decreases. With a 
higher oxygen concentration in ethanol, Keskin and Guru [106] 
also found higher NOx emission with the addition of ethanol. 

Zhuang et al. [35] varied the ethanol/gasoline energy ratio from 
0% to 60.1%. NOx emission increased with the addition of up to 
24.3% ethanol to gasoline after which it decreased with increasing 
ethanol percentage. With regard to increasing NOx, they reported 
that, ethanol improved the combustion inside the cylinder result- 
ing in an increased in-cylinder temperature. In the case of reduced 
NOx they explained that a higher percentage of ethanol in gasoline 
reduces the in-cylinder temperature. They attributed this reduc- 
tion to two factors. One is the high latent heat of vaporization of 
the ethanol fuel, which decreases the in-cylinder temperature 
when it vaporizes. The other factor is that there are more triatomic 
molecules in the combustion products of ethanol fuel than in 
those of the gasoline fuel. The more triatomic molecules are 
produced, the higher the gas heat capacity and the lower the 
combustion gas temperature will be. However the low in-cylinder 
temperature can also lead to an increment in the unburned 
combustion product. 


5.1.2. Effect of hydrous ethanol 

The water absorbs heat and lowers the pressure as the charge is 
compressed reducing the compression stroke work. Additionally, 
during the combustion itself, water absorbs heat as it vaporizes 
reducing the peak temperatures and then reducing NOx emissions. 
This peak temperature reduction diminishes the heat flux to the 
cylinder wall [95]. As a result of the reduced intake air temperatures 
and the effects on the combustion process itself, fuel blends of 
gasoline with hydrated ethanol present slightly lower exhaust gas 
temperatures. As distillation of hydrous ethanol to get anhydrous 
ethanol is costly, there is scope for hydrous ethanol. Also, few 
researches have dealt with hydrous ethanol so far [14,21,107-111]. 

Schifter et al. [95] compared mid-level (0-40% volume water) 
hydrous ethanol-gasoline blend with anhydrous gasoline blend. 
They found 2% lower NOx emission for hydrous ethanol-gasoline 
blends than for anhydrous ethanol-gasoline blend. Water in the 
hydrated ethanol decreases the temperature, combustion speed, 
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Fig. 3. Correlation of NOx and HC with the percentage of ethanol at 3500 rpm [82]. 


and peak pressure compared to the anhydrous ethanol, therefore 
improving the NOx emission, especially for 30% and 40% ethanol 
contents. Water slows the combustion process but keeps the 
quantity of energy produced per cycle constant, the amount of 
work obtained is therefore the same and the same amount of heat 
is released, but more efficiently. Kyriakides et al. [112] also get 
lower NOx for 40% hydrous ethanol blend compared to 40% 
anhydrous ethanol. They explained, water content of hydrous 
ethanol lowered the peak temperature and slowed the combustion 
rate that resulted lowers NOx emission. 

Costa and Sodre [21] compared the performance and emissions 
of E22 with hydrous ethanol (6.8% water content in ethanol). The 
NOx emission of hydrous ethanol was more than those of E22. For 
higher NOx of hydrous ethanol, they explained, a faster flame 
speed of hydrous ethanol favors the production of higher peak 
pressure and, therefore a higher peak temperature in the combus- 
tion chamber. 

Considering a small SI engine, Munsen et al. [111] studied the 
effect of hydrous ethanol (up to 40% water in ethanol) on 
performance and emission. The addition of 20-40% water to 
ethanol resulted in incomplete combustion, which increased CO 
and HC emission and reduced NOx emission. They determined the 
combustion temperature by measuring the spark plug tempera- 
ture. The spark plug temperature was found to decrease with 
increases in the water content in ethanol. The lower combustion 
temperatures of hydrous ethanol affect the thermal NOx 
formation. 


5.2. Effect of engine parameters 


5.2.1. Effect of compression ratio 

A high compression ratio (CR) is desirable because it allows an 
engine to extract more energy from a given mass of air-fuel 
mixture due to its higher thermal efficiency. Higher CRs permit the 
same combustion temperature to be reached with less fuel while 
giving a longer expansion cycle. The detonation increases, when a 
lower octane number fuel is used a high compression ratio engine 
[93]. The octane number of ethanol is 108.6 (mentioned in 
Table 4), which is higher than that of gasoline. The high octane 
number offers a high compression ratio without knocking and 
improves the knock tolerance. It was also found that a high CR can 
increase the efficiency of ethanol fuel blends, and as a result, the 
fuel economy penalty associated with the lower energy content of 
E85 can be reduced by about 20% [113]. High combustion tem- 
peratures lead to higher NOx emissions, and thus forced induction 
can give higher NOx fractions. Especially at high engine load, NOx 
emission increase with increases in CR. The relatively high burning 
rate of the overall rich mixture combustion and a high- 
temperature environment contribute to the increase in the NOx 
emissions with increasing CR at high engine loads [114]. 

To improve engine power, Al-Baghdadi [96] used the high 
useful compression ratio (HUCR), which is a variable compression 
ratio that is directly proportional to the ethanol percentage in the 
blend. The compression ratio varies from 8 to 9.25 as the ethanol 
percentage increases from 0% to 30%. The NOx emission decreased 
with increases in ethanol although the CR was increased. It is also 
observed that thermal efficiency, power, HC, and CO emissions 
were better for ethanol with HUCR than for gasoline with constant 
CR 8:1. Celik et al.[34] increased the compression ratio from 6:1 to 
10:1 by adding 50% ethanol to gasoline. When running with E50 at 
a high compression ratio (10:1), NOx decreases by 19% compared 
to the case of EO fuel at a compression ratio of 6:1. NOx emission is 
reduced here owing to the fact that the heating value of ethanol is 
lower than that of gasoline. Koc et al. [38] used 0%, 50% and 85% 
ethanol with gasoline on compression ratios of 10:1 and 11:1. NOx 
emission decreased with the increase of ethanol. NOx emission of 


216 B.M. Masum et al. / Renewable and Sustainable Energy Reviews 24 (2013) 209-222 


gasoline at CR 10:1 is also higher than those of ethanol-gasoline 
blend at a CR of 11:1. The high latent heat of vaporization of 
ethanol lowers the flame temperature, which results in lower NOx 
emissions. However, the NOx emission may change depending on 
the percentage of ethanol in the blend and operating conditions. 
The oxygen concentration and combustion temperature and com- 
bustion duration are the main parameters affecting the NOx 
emissions. However, for the same blend, NOx was higher for a 
higher CR. 


5.2.2. Effect of engine load 

Engine load plays a very important role in NOx formation. More 
fuel or a richer mixture is needed to increase the engine load, 
which results in a higher in-cylinder temperature as well as higher 
NOx formation. The flame speed of fuel is an important factor for 
complete combustion in rich-mixture conditions as well as high 
engine load. 

Using a 1.4L flex-fuel engine, Melo et al. [108] tested 0-100% 
hydrous ethanol with gasoline at two different loads. At a low load 
(60 Nm), NOx emission decreased with ethanol addition. But at the 
same speed with a higher load (105 Nm), NOx increased with the 
addition of ethanol. They explained that the higher flame speed of 
ethanol compared to gasoline was the cause of the NOx emission 
increase when using ethanol at high load. A higher flame speed 
assists in complete combustion. It is also seen that the CO emission 
reduction with the addition of ethanol at high loads is higher than 
that at low loads. At a high load, Keskin and Guru [106] also found 
higher NOx emission for adding ethanol. They did experiment 
with 0%, 4%, 8%, 12%, 16%, and 20% ethanol in gasoline at different 
loads (800, 1600, 2400 kW). At lower load conditions, NOx emis- 
sions were the same for all blends. But at higher loads, NOx 
emissions were higher for ethanol blended fuel. 

Gomes et al. [115] focused on the operation of ethanol blends 
up to E100 at high loads of up to 30 bar IMEP. At comparatively 
lower loads, NOx emissions were lower for high ethanol content 
blends. They explained that ethanol lowered the peak temperature 
slightly, which reduces NOx at lower loads. However, at compara- 
tively higher loads, NOx emissions were the same for all of the 
blends as high flame speed of ethanol fuel results in similar peak 
temperatures. No significant change in NOx emissions was 
observed at different engine loads (3-161 Nm torque) by Pang 
et al. [9], when they compared gasoline and 10% ethanol blended 
gasoline. However, for lower heating values, fuel consumption was 
greater for ethanol blended fuel. 


5.2.3. Effect of equivalence ratio 

The stoichiometric air—fuel-ratio of gasoline is 1.6 times higher 
than that of ethanol (as in Table 4). Since at fixed throttle opening 
and a fixed engine speed, the amount of air intake is a constant; to 
obtain the same 4, more volume flow rate of ethanol-gasoline 
blend is required than base gasoline which produces the leaning 
effect. Leaning of fuel/air ratio causes the flame temperature to be 
low enough to reduce NOx as well as other emissions [14]. 
Theoretically, the hottest flame comes from stoichiometric air/fuel 
mixtures; however, NOx peaks at slightly leaner fuel/air ratios. 
Leaning of fuel/air ratio causes the flame temperature to be low 
enough to reduce NOx as well as other emissions. 

Najafi et al. [82] reported that the oxygen content of ethanol 
produces a leaner effect in fuel-rich conditions. This leaner effect 
shifts the air-fuel ratio to stoichiometric condition and helps in 
completing combustion hence increasing NOx emission. Hsieh 
et al. [56] also found higher NOx emission in stoichiometric air- 
fuel ratio as complete combustion leaded to a high combustion 
temperature. However, at an equivalence ratio lower than 1.0, the 
effect of addition of ethanol on NOx emissions was insignificant. 


They concluded that NOx emissions depend on the engine operat- 
ing conditions rather than on the ethanol content. Using a six- 
cylinder test engine, Al-Farayedhi [116] found maximum NOx 
emission in the equivalence ratio of 0.9 for using gasoline, E10, 
E15, and E20 as fuel. NOx emissions increased as the ethanol 
concentration of the blend increased except at the equivalence 
ratio of 0.8. The availability of oxygen and high combustion 
temperature were the cause of these NOx emissions. However, 
for very lean mixtures, NOx concentration decreased for higher 
content of ethanol. 

Zervas et al. [117] investigated the effect of different equiva- 
lence ratios (A=0.83-1.25) on exhaust emissions. They found, the 
difference in equivalence ratios did not lead to a large change in 
NOx emissions. With different values of 4, NOx varied from 15% to 
30%. In stoichiometric and lean conditions, emissions of CO 
decreased. The addition of an oxygenated compound is more 
important than the percentage of oxygen in the fuel, which means 
that CO emissions decreased because the oxygen concentration 
was higher. However, for E5 fuel, HC emissions are almost 
independent of 4. For E20 there are two zones: a 9-28% decrease 
in HC emissions in the lean condition and a 46-48% decrease in HC 
emissions in the stoichiometric and rich conditions. 


5.2.4. Effect of speed 

Engine speed also affects NOx emissions. Some authors [82,116] 
have reported that NOx increases with engine speed as more fuel 
is burnt resulting in high in-cylinder temperature at high speeds. 
Few authors [38,99] have also reported low NOx emission because 
of less available time for combustion at high speeds. 

At higher speeds, lower combustion time is available for 
burning higher amount of fuel than lower speeds. Flame speed is 
an important factor to complete the combustion in short time. As 
flame speed of ethanol is higher than that of gasoline, it assists in 
completing the combustion at high speeds, which results in higher 
NOx emission for ethanol. Costa and Sodré [21] found higher NOx 
emission for 100% hydrous ethanol than E22 at high speeds as it 
has more ethanol content than E22. However, at low speeds 
(2500-3000 rpm) there was no significant change for these fuels. 
Koç et al. [38] found different results for ethanol blended fuel at 
high speeds. They found 42%, 41% and 11% NOx increase for EO, 
E50 and E85 respectively within speed range of 1500-5000 rpm. 
Increase in NOx emission with speed was relatively lower for E85 
than EO. Lower heating value combined with low combustion time 
can be the reason of lower NOx for ethanol in high speeds. 


5.2.5. Effect of cold-start 

The properties of ethanol cause difficult cold start and warm- 
up operations, which impact on engine emissions. The RVP (Reid 
Vapor Pressure) of ethanol is 17 kPa, far lower than that of 
gasoline, which is 53.7 kPa. But their mixture does not have an 
RVP value linearly proportional to the volume fraction. A volume 
fraction of 5-10% ethanol can achieve the maximal RVP and thus 
facilitate cold-start [118]. The vaporization temperature of ethanol 
is 78 °C, while that of gasoline is 40 °C. On the other hand, ethanol 
vaporization requires twice the energy required by gasoline. 
Therefore, ethanol-fueled engines do not start at temperatures 
below 13 °C, while gasoline-fueled engines can start at tempera- 
tures as low as —40 °C [119]. 

The effects of ethanol-gasoline blended fuel on cold-start 
emissions were studied by Chen et al. [120] using an ECU 
(electronic control unit) controlled SI engine. They compared the 
emissions of different ethanol-gasoline blends (EO, E5, E10, E20, 
E30, E40), keeping the intake air temperature around 20 °C. At 
cold start, E5 and E10 performed indistinguishably, while E20-E40 
clearly had lower HC, CO, and NOx emissions. In the open-loop 
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control, the fuel injection is roughly the same for all fuels (EO- 
E40). However, the stoichiometric air-fuel ratios for ethanol and 
gasoline are 9 and 14.7 respectively. The amount of air required to 
create a stoichiometric air-fuel mixture for gasoline (EO) would be 
excessive for ethanol-gasoline blended fuels, which helps in 
reducing HC and CO emissions. NOx decreases for lower flame 
temperatures produced by excess air. In the case of E40, the 
operation was unstable because the constant amount air supply 
makes the air-fuel mixture very thin. Liao et al. [121] also found 
lower HC, CO and NOX emission for ethanol blended fuel than 
those of gasoline in cold start. 

Sales and Sodré [119] used a flexible fuel engine with heated 
intake air-fuel and compared the results with that of a conven- 
tional cold start system. Using hydrous ethanol, they found lower 
HC, CO, and NOx emissions for heated intake air-fuel than for a 
conventional cold start. Heating of ethanol and intake air improves 
fuel vaporization, thus reducing the formation of emissions in the 
first engine cycles. 

Table 6 represents a complete overview of different experi- 
mental results on the effect of ethanol-gasoline blends on NOx as 
well as other emissions based on above-mentioned causes. 


5.3. Engine modification 
5.3.1. Application of thermal barrier coating 


A thermal barrier coating (TBC) is applied to minimize heat 
transfer from the combustion chamber by insulating the piston and 


Table 6 


cylinder wall with an adherent layer of a low thermal conductivity 
material. This type of engines is known as a low heat rejection (LHR) 
engine. This insulation reduces the heat flux into the piston and thus 
heat transfer to the coolant is reduced [125]. Because of the lower 
heat loss, TBC affects the combustion process and hence changes the 
performance and emission characteristics. NOx emission is signifi- 
cantly higher in the coated pistons engine, which is evident due to 
the higher cylinder temperature due to the lower heat loss. As the 
heating value of ethanol is a lower, there is growing interest in 
thermal barrier coated engines with ethanol blended fuel and a few 
works have already been done [118,125-127]. 

Srinivasan and Saravanan [128] investigated the use of gasoline, 
E60+2.0 Iso-heptanol, and E50 + 1.0 Isoheptanol blends in a multi- 
cylinder gasoline engine with and without alumina titania coated 
pistons. In both cases, they found lower NOx emissions for ethanol 
blends than for gasoline. Moreover, ethanol blends in the coated 
pistons condition produced lower NOx emissions than gasoline 
fuel in the non-coated pistons condition. The lower heating value 
of ethanol is the reason for its lower NOx emissions compared to 
gasoline. 

Kumar and Nagarajan [127] investigated the emissions and 
performance of an SI engine using E20 fuel with and without TBC 
on the cylinder head, inlet, and exhaust valves. As TBC reduced the 
heat loss from the combustion chamber, it increased the peak in- 
cylinder temperature as well as NOx formation. As a result, NOx 
emissions were higher for the coated than the uncoated cylinder 
for all types of fuel blend. However, the additional oxygen of E20 


Factors affecting NOx emission from different ethanol blends at different operating condition. 


Engine Ethanol concentration in Adjustment and/or NOx Effect on other Ref. 
blend modification and test emission 
condition 
AS, 1C CR: 6/1-10/1, EIS 0%, 25%, 50%, 75%, 100% CR 6:1 and 10:1 Varying speed Et and NOx) CO, HC, CO; | [34] 
(1500-4000 rpm) 
AS, 1C CR: 5/1-13/1 0%, 50%, 85% CR 10:1 and 11:1 Varying Et and NOx} CO, HC} BSFCt [38] 
speed (1000to 5500 rpm) 
AS, 4C, MIS, WC 0%, 5%, 10% WP=5-20 kW Speed=80and 80 km/h: 11% and 15.5% NOx| HC and CO2} [50] 
100 km/h 100 km/h: 10.5% and 13.5% NOx] 
1C, 4S, AC, EDI+GPI, CR 9.8/1 0%, 24.3%, 48.4%, 60.1% Speed = 3500-5000 rpm E < 24.3% NOxt E> 24.3% NOx HCt, COt [35] 
4S, motorcycle, carbureted engine (CE) 0%, 15% Constant speed CE 36% NOx} FIE 3%NOxt CE HC and CO| FIE [122] 
and Fuel injected engine (FIE) HC and CO) 
1C, SI, CR 10.5/1 0%, 10%, 20%, 30%, 40% And Constant speed (2000 rpm) NOx HC and CO) [95] 
H10%, 20%, 30%, 40% 
1C, AC, CR 8.5/1 0%, 100% Speed: 1600-3600 rpm NOx] CO, HC}, CO2 t [98] 
1C, GPI, CR 9.5 0%, 25%, 50%, 75%, 100% IMEP=3 and 5 bar NOx] HC | [102] 
AC, FFE, PFI, CR 10.35/1 25% and H 30%, 50%, 80%, Load=60 and 105 Nm At 60Nm NOx|? At 105Nm NOxt At 60 Nm HC} At [108] 
100% 105 Nm CO. HC} 
1C, DISI, CR 9.5 0%, 5%, 25%, 85%, 100% Constant speed (2000 rpm) E<25% NOxt E> 25% NOx| - [115] 
AC, MIS, WC, CR 10.4/1 0%. 5%, 15% Wheel power 5-20 kW Speed E5: 11% NOx E10 15.5% NOx] CO, HC} [50] 
80 km/h 
MFIE, CR 9.8/1 0%, 5%, 10%, 20%, 30%, 40% Cold start condition, intake air E5, E10 NOxt E> 10% NOx] E5, E10 CO, HCt [120] 
temperature 20 °C E> 10% CO, HC | 
AC, SI, 0%, 10%, 25%, 50%, 85% Constant engine speed NOx. CO, HC | [62] 
1C, SI, AC, CR 11.3/1 0%, 5%, 10, 15% Idle, 2500, 5000, 6500 rpm NOx. - [123] 
DISI, turbocharged 0%, 10%, 20% NOx - [100] 
DISI, CR 12/1 0%, 25%, 50%, 85% End of injection CAD 45-5 NOx] HCt, smoke] [65] 
BTDC 
AC, SI, CR 12/1 22%, H100% Engine speed 2500-6000 rpm NOxt (compared with E22) HC & COL [21] 
1C, CR 10.5/1 0%, 6%, 10%, 15%, 20% Speed 2000 rpm NOx| (except E6) HCt & COJ [105] 
DI, CR 11.5/1 0%, 10%, 20%, 30%, 50%, 85%, Speed 1500 rpm NOx. HC} [66] 
100% IMEP=3.4 bar 
1C, CR: variable 0%, 5%, 10%, 15%, 20%, 25%, Speed 1500 rpm CR; 8 and NOx CO, HC} [96] 
30% HUCR 
4C, CR 9.7/1 0%, 5%, 10%, 15%, 20% Speed: 1000-5000 rpm NOxt HC & COJ [82] 
4C, CR 10.5 0%, 85%, 100% Speed: 3500 rpm NOx] CO, HC} [124] 


EIS=electronic injection system, EDI=Ethanol fuel direct injection, GPI=gasoline port injection, C=cylinder, CR=compression ratio, MIS=Multi-point injection system, 
WC=water cooled, AC=air cooled, DI=Direct injection, FFE=Flex fuel engine, MFIE= multi-port fuel injection engine, HUCR=High useful compression ratio, E=Ethanol, H 
xx%=xx% hydrous ethanol in gasoline, | =decrease, t=increase. 


* compared with E25. 
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fuel accelerates NOx formation with higher in-cylinder tempera- 
ture for thermal coating. Therefore, they found a 46% increase in 
NOx emission for E20 than for gasoline. 


5.3.2. Effect of separate aqueous ethanol injection 

It was hypothesized that the primary effect of the water was to 
reduce flame temperatures, thereby obstructing the thermal for- 
mation of NOx. From previous literature, it was seen that avoiding 
the phase separation of ethanol-gasoline blend requires high 
purity ethanol so it is costly, and better performance of the engine 
depends on the best ethanol-gasoline ratio, which varies for 
different engine speeds and torques. To solve this problem, an 
independently controlled separate set of aqueous alcohol injector 
was used. Chen et al. [64] installed a set of independently 
controlled separate aqueous alcohol injectors alongside the gaso- 
line injector at the manifold. Aqueous ethanol with a high water 
content (ethanol purity: 99.7%, 75% and 50%) was injected as a fuel 
substitute through them. They selected two operating regimes: 
highway running and high load running. During highway running, 
engine control unit cut down the flow of gasoline when aqueous 
ethanol was injected by receiving feedback from the exhaust 
oxygen sensor, but in high load running, nothing happened. 
Aqueous alcohol reduced the combustion temperature and thus 
reduced NOx formation. They concluded that the water content in 
the fuel mixture dominated the NOx reduction rather than the 
ethanol content. With a 16% water content in the fuel mixture, 
NOx emission can be reduced by 30% with little adverse effect on 
the torque compared to gasoline. 

On the other hand, to compare the effect of different injection 
strategies on engine emissions, Anderson et al. [129] performed 
two sets of experiments using premixed ethanol—water blends and 
separately injecting water and ethanol into the blends on a 
modified Co-operative Fuels Research (CFR) engine at a constant 
compression ratio of 10:1. Three types of ethanol-water blended 
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Fig. 4. NOx emission changes for ethanol/water fuel with respect to gasoline [129]. 
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fuels were used: 20 vol% water+ 80 vol% E100 (80/20), 10 vol% 
water+90 vol% E100 (90/10), and 30 vol% water+ 70 vol% E100 
(70/30). They measured NOx emissions, first by injecting the 
premixed blend and then injecting water and ethanol separately. 
Premixed ethanol-water blends showed a higher reduction in NOx 
compared to separate injection of water and ethanol for blends 
with ethanol/water ratios of up to 70/30, as shown in Fig. 4. More 
immediate contact between the water molecules and ethanol 
under premixed conditions appears to have a strong influence 
on combustion chemistry, which in turn produces better NOx 
emission characteristics. 


5.4. Effect of different vehicles 


The use of ethanol in vehicles is increasing day by day. More 
than 95% of the gasoline in the U.S. contains ethanol in an 
approximately 10% blend [130]. Ethanol is also available in higher 
concentration blends marketed as E85 (also known as flex-fuel). 
The use of low concentration ethanol is possible in ordinary 
vehicles without any problem. However, use of higher concentra- 
tion ethanol is somewhat questionable. Because of its corrosive- 
ness, it degrades a range of the materials found in specific 
components of the engine, and fuel supply systems [60]. 

New generation engines are designed to work with higher 
biofuel blends, which allow the engine to be modified to maximize 
the benefits of the higher oxygen content and improved fuel 
efficiency with low emissions. Fig. 5 shows the variation of 
different generations of Flexible fuel vehicle (FFV) in Brazil. FFVs 
are among the modern vehicles designed to use up to 85% ethanol, 
and they were developed with better fuel efficiency with higher 
compression ratios. The speciality of this vehicle is that its fuel 
sensor automatically detects the ethanol-gasoline ratio to adjust 
fuel ignition and injection timing according to the ethanol—gaso- 
line ratio [131]. In the US vehicle market alone, more than 10 
million FFVs were in operation in mid-2012 [132]. This section will 
discuss the effect of ethanol blended fuels' NOx emission from 
these vehicles. 

Zhai et al. [131] compared the fuel consumption and emission 
of FFVs with E85 and gasoline fuel. They used data from different 
data sources, such as portable emissions measurement system 
(PEMS) data, Environmental Protection Agency (EPA) certification 
data, and US Department of Energy (DOE) dynamometer tests. In 
higher vehicle specific power (VSP) modes, from PEMS data, NOx 
emission was found to be higher for E85 than for gasoline. From 
the dynamometer and certification data, NOx emission was seen to 
depend on the vehicle condition and not on the fuel. On a fleet 
basis, NOx and other emissions were lower for E85 than for 
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Fig. 5. Necessary modification to the engine to increase ethanol-gasoline blend [133]. 
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gasoline. On a life-cycle basis, NOx emission was 82% higher for 
E85 than for gasoline. 

Karavalasik et al. [94] investigated the impact of ethanol blends 
on different vehicle models ranging from 1984 to 2007 including 
FFVs. NOx emission increased with increase in ethanol content for 
a few old model vehicles, which can be attributed to differences in 
catalyst technology, aging or effectiveness. As old model vehicles 
do not have sophisticated engine control technology, the leaning 
effect cannot be very pronounced with the change of fuel type 
here. Yao et al. [134] tested various ethanol—-gasoline blends (EO, 
E3, E10 and E20) in a low mileage (about 21750 mile) and a high 
mileage (about 87,000 mile) passenger car. Both cars operated well 
with ethanol blends of up to 20%. In this experiment, it was seen 
that NOx emission was lower when using ethanol blend, especially 
in the low-mileage vehicle fueled with E20. The low mileage 
vehicle had NOx emission of 0.072 g/km, 0.71 g/km, 0.068 g/km, 
and 0.061 g/km respectively, for EO, E3, E10 and E20 fuels, while 
the high-mileage vehicle's NOx emission was 0.471 g/km, 0.472 g/ 
km, 0.451 g/km and 0.417 g/km, respectively, for EO, E3, E10 and 
E20 fuel. Durbin et al. [135] used 12 different vehicles to find the 
effect of different ethanol-gasoline blends and volatilities on 
emission. The vehicles included present day technologies with 
California low-emission vehicle (LEV), ultralow emission vehicle 
(ULEV) and super-ultralow-emission vehicle (SULEV) certification. 
They found an increase in NOx emission with a 10% ethanol- 
gasoline blend compared to gasoline. Mayotte et al. [136] inves- 
tigated emission in a 1990 model or equivalent vehicles. They 
found that the sulfur concentration of fuel affects the HC and NOx 
emission of these vehicles. 

Some authors reported that the operation of small engines 
using a lower ethanol percentage (10-15%) with gasoline causes 
HC and CO emissions to decrease and NOx emissions to increase 
[137]. The US DOE reported that in small engines using ethanol 
contents of 10-15% with gasoline, NOx emissions increased by 
50-70%. Small engines have no oxygen-sensing feedback control 
like modern cars. When ethanol is added to gasoline, an engine 
operated under lean or oxygen-rich conditions experiences over- 
heating [138]. This high temperature causes more NOx formation. 
Knoll et al. [139] compared some small non-road engines 
and observed the emissions for different ethanol—-gasoline blends. 
From Fig. 6 it can be seen that NOx increases with the increase in 
ethanol percentage. In a Stihl Line Trimmer engine, NOx emissions 
were lower when using E20 due to poor combustion. Emissions 
were lower in a Poulan Blower engine as it was equipped with a 
three-way catalyst. Hilton and buddy [140] used 10 cars (1994 to 
2004 models) to compare the tailpipe emissions of E20 and 
gasoline. Among the 10 cars, five produced higher NOx emissions 
and five produced an average of 2.4% lower NOx emissions when 
using E20 compared to gasoline. For most of the cars, HC and CO 
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Fig. 6. Increase of NOx emission than gasoline fuel versus different engines for 
ethanol-gasoline blend [139]. 


emissions were lower for E20 than for gasoline. They discussed 
some reasons for emissions degradation of vehicles such as 
degradation of the catalyst, material compatibility of fuel system 
components, and so on. 


6. Prediction of NOx emission by Artificial Neural Networks 


As experimental studies are costly and time consuming, Arti- 
ficial Neural Networks (ANNs) have been preferred in recent 
studies in order to minimize the time and money spent on 
experimental studies. ANNs were developed based on the working 
principle of the human brain. Without having the whole informa- 
tion of the system but only information on some input variables, 
an ANN can provide a good prediction close to that obtained using 
experimental data [141]. ANNs are an alternative technique for 
obtaining the relationship between different variable quantities of 
interest. An ANN requires only a set of experimental results which 
are numerical in nature and describes the relation by analyzing 
them [142]. With new experimental data, it can continuously 
retrain prediction that is more accurate. Some researchers have 
applied ANNs to predict the characteristics of IC engines. ANN 
models have been used recently in many studies to predict engine 
fuel consumption [142], performance [143], and different exhaust 
emissions [144-146] as well as NOx emission [147]. 

Deh Kiani et al. [148] trained the network with 80% of the 
experimental data obtained using a four cylinder fuel-injection SI 
engine. In this network, the fuel blend, engine load, and engine 
speed were used as input data and the torque, power, CO, COz, HC, 
and NOx were obtained as the output. The ANN provided the best 
accuracy in modeling the emission indices with correlation coeffi- 
cient of 0.98, 0.96, 0.90 and 0.71 for CO, COz, HC and NOx 
respectively. However, the addition of 20% ethanol increased the 
engine torque, brake power, thermal and volumetric efficiency, 
while the BSFC decreased. As ethanol is an oxygenated fuel, NOx 
emission was found to be higher for ethanol-gasoline blend than 
for gasoline. 

Najafi et al. [82] developed an ANN model to find the correla- 
tion between brake power, torque, brake specific fuel consump- 
tion, brake thermal efficiency, volumetric efficiency and emission 
components by using different gasoline-ethanol blends and 
speeds as inputs data. To train the ANN, 70% experimental data 
obtained from a four cylinder SI engine were used. In the 
experiment, it was found that when ethanol content increased, 
NOx increased and HC and CO emission were decreased. Compar- 
ing the experimental data with the ANN model, they found a good 
consistency, as the value of the correlation coefficient (R) was close 
to one and the root mean square error (RMSE) was very low. For 
NOx emission, the values: R=0.973 and RMSE =89.85 (ppm). They 
also presented the same explanation for NOx emission with 
ethanol addition. 


7. Conclusion 


Alternative fuels are becoming more and more important for 
vehicles because of the limited reserves of fossil fuels and 
environmental issues. Ethanol is one of the alternative fuels that 
have been used in several countries for several years as it is 
produced from renewable sources and produces cleaner emission. 
Burning of ethanol in SI engines reduces the emissions of CO, HC 
and so on, but there are some inconsistencies in NOx emission as 
shown by many researchers. A systematic review of the published 
literatures on the effect of fuel properties, composition and 
operating conditions, which influence ethanol NOx emission, has 
been carried out and the main findings are summarized below. 
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(1) The physicochemical properties of ethanol-gasoline blends 
such as heating value, latent heat of vaporization, oxygen 
content, laminar flame velocity etc. dominate in the NOx 
formation in SI engine. 

(2) Thermal NOx formation is the dominant mechanism for NOx 
emission from SI engines for gasoline as well as ethanol fuel, 
as suggested by many researchers. 

(3) Ethanol blended fuels can utilize a higher CR in SI engine due 
to their higher octane number. Using the higher percentage 
ethanol blend, a higher CR can be applied without increasing 
the NOx emission. 

(4) Higher flame speed of ethanol helps in achieving complete 

combustion for rich mixtures attained during higher engine 

loads as well as higher engine speeds. This results in higher 

NOx emission for ethanol-gasoline blends than that of gaso- 

line. No significant change or a small decrease in NOx emission 

is observed at low engine load for ethanol. 

Pure ethanol fuel is not suitable for engine cold-start. Engine 

can easily start in cold condition with lower HC, CO and NOx 

emission with use of ethanol blended gasoline fuel than 
gasoline. However, heated air-fuel mixture is more effective 
in cold start condition. 

(6) As the water content absorbs heat and lowers the peak in- 
cylinder temperature, hydrous ethanol blends is more efficient 
in NOx emission reduction compared to gasoline as well as 
anhydrous ethanol blends. 

(7) Separate alcohol injection is used in order to use higher water 
content with ethanol without having the problems of phase 
separation. Water content reduces NOx emission significantly 
but premixed water with ethanol is more efficient in NOx 
reduction than separate water injection. 

(8) TBC is used to suppress the heat rejection to coolant and to 
restore the energy in the form of useful work but its use 
increases NOx emission. Low concentration of ethanol blend 
along with TBC accelerates the combustion as well as NOx 
formation as ethanol is an oxygenated fuel. However, TBC can 
be applied using higher ethanol-gasoline blend without 
further increase in NOx emission because of lower heating 
value of the blend. 


~ 
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wo 


Ethanol-gasoline blend is a proven technically feasible alter- 
native fuel for SI engine. It is suitable to use in modern engines 
such as high compression ratio engines or low heat rejection 
engines. Application of hydrous ethanol instead of anhydrous one 
may produce better results in these engines i.e. lower NOx 
emission with better engine performance. The problem of ethanol 
is its lower heating value. Use of butanol may solve this issue. 
However, economical consideration will continue to favor the use 
of ethanol. Thus lowering the production cost of other alternatives 
can be a good field to carry out research. 
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